Nucleotide sequence accession numbers: Alcaligenes aquatilis BU33N genome sequence is deposited in the Bioproject Genomes online database with id PRJNA386470. The complete genome sequence was deposited in Genbank under accession number CP022390.

Introduction {#sec001}
============

Petroleum compounds are ubiquitous environmental pollutants with potentially harmful impacts on human and ecological health balance \[[@pone.0221574.ref001]\]. Physico-chemical treatments, used to remove hydrocarbons from contaminated sites, are extremely expensive, give rise to more toxic compounds and have limited effectiveness leading to modification and destruction of biological materials \[[@pone.0221574.ref002]\]. Therefore, there is an urgent need to mitigate pollution and promising biological strategy for the decontamination of hydrocarbon polluted sites has been carried out based on the application of obligate hydrocarbonoclastic bacteria, OHCB \[[@pone.0221574.ref003]--[@pone.0221574.ref005]\]. Moreover, the identification and characterization of novel hydrocarbon degrading bacteria is still essential to enhance and reach efficient bioremediation treatments.

Several microorganisms/bacteria are currently used as bioremediation agents, including isolates of the genera *Marinobacter*, *Thallassolituus*, *Cycloclasticus* and *Oleispira* \[[@pone.0221574.ref005], [@pone.0221574.ref006]\].

*Alcaligenes* is a genus of Gram-negative bacteria isolated from a wide variety of environments, including water, soil and clinical samples \[[@pone.0221574.ref007], [@pone.0221574.ref008]\]. The genus was proposed in 1919 and classified in the family *Alcaligenaceae* (Betaproteobacteria class) with the type species identified as *Alcaligenes faecalis* now comprising three subspecies; *A*. *faecalis* subsp. *Faecalis*, *A*. *faecalis* subsp. *parafaecalis* and *A*. *faecalis* subsp. *phenolicus* \[[@pone.0221574.ref009]--[@pone.0221574.ref011]\]. In addition, three other species, namely, *A*. *aquatilis* \[[@pone.0221574.ref012]\], *A*. *endophyticus* \[[@pone.0221574.ref013]\] and *A*. *pakistanensis* \[[@pone.0221574.ref014]\] have been circumscribed in the genus. \[[@pone.0221574.ref012], [@pone.0221574.ref014]\].

Potential applications of members of the genus in agriculture and pharmaceutical industries, and the ability of A. *faecalis* to degrade pesticides have been reported \[[@pone.0221574.ref015], [@pone.0221574.ref016]\]. *Alcaligenes eutrophus* A5 was reported to degrade the pesticide DDT \[[@pone.0221574.ref017]\]. *Alcalignes aquatilis* LMG 22996^T^ was first isolated from sediments of the Weser Estuary, Germany, and from a salt marsh on Shem Creek in Charleston Harbor, USA \[[@pone.0221574.ref012]\]. *A*. *aquatilis* F8 strain has recently been reported as a cationic biosurfactant producer (CBS) \[[@pone.0221574.ref018]\]. *Alcaligenes aquatilis* QD168 (CCUG 69566), a marine hydrocarbon-degrading bacterium, was recently isolated from a crude oil-polluted marine sediment sample from Quintero Bay, Central Chile exhibiting a potential adaptation to environmental stressors such as toxic compounds, high salinity, and oxidative stress \[[@pone.0221574.ref019], [@pone.0221574.ref020]\]. These characteristics suggest the potential of the strain in bioremediation of oil-contaminated sites.

In this work, we report the characterization and genome sequencing of an oil-degrading bacterium *Alcaligenes aquatilis* (strain BU33N) isolated from hydrocarbon polluted sediments located at the refinery harbor of the Bizerte coast, North of Tunisia. To the best of our knowledge, this paper provides the first detailed description of the ability of *Alcaligenes aquatilis* to use and degrade hydrocarbons based on cultivation experiments and genomic analysis. Knowledge of this genomic information may facilitate the efficient use of this strain for biotechnological and bioremediation applications.

Materials and methods {#sec002}
=====================

Strain isolation {#sec003}
----------------

Strain BU33N was isolated from hydrocarbon polluted marine sediments located at the refinery harbor of the Bizerte coast, northern Tunisia (37°16\'8\"N, +9°53\'19\"E). The strain was isolated on mineral medium ONR7a supplemented with 1% crude oil as the sole carbon source at 30°C.

Culture conditions {#sec004}
------------------

Strain BU33N was tested for its ability to utilize various hydrocarbons (pristane, phenanthrene, pyrene, naphtalene, carbazole, octadecane, fluoranthene, dibenzothiophen, dibenzofuran, squalene, anthracene and xylene) as a sole carbon and energy source. BU33N was inoculated on ONR7a agar media containing specified amounts of hydrocarbons and incubated for 7 days at 30±1°C. Growth of the bacterial colonies was considered as positive result of degradation.

Hydrocarbon degradation analysis {#sec005}
--------------------------------

For hydrocarbon degradation analysis, strain BU33N was cultured in ONR7a liquid mineral media \[[@pone.0221574.ref021]\] supplemented with 5 g L^-1^ Na-acetate for 48 h at 28±1°C. Cells were collected via centrifugation (10 min, 14.000 g) and washed twice in phosphate buffered saline (PBS 1×; 140 mM NaCl, 2.7 mM KCl, 4.3 mM Na~2~HPO~4~.7 H~2~O and 1.5 mM KH~2~PO~4~). Bacterial inocula (\~10^6^ cells ml^-1^ measured by the DAPI count method) were added to 50 mL ONR7a liquid mineral medium supplemented with sterile Arabian Light Crude Oil (1%, v/v), pristane (1% v/v) and 50 ppm (final concentration) of phenantrene (PHE, C~14~H~10~, Sigma Aldrich, Milano--Italy). Cultures containing the same amount of hydrocarbons but without bacterial inoculation were used as abiotic controls. Cultures were incubated at 28± 1°C for 21 days with shaking (Certomat IS B. BraunBiothec International, 100 ×*g*) \[[@pone.0221574.ref021]\].

Qualitative and quantitative analysis of hydrocarbons \[total extracted and resolved hydrocarbons and their derivatives (TERHCs) and phenanthrene derivatives\] were carried out using a Master GC DANI Instruments GC-FID (Development ANalytical Instruments DANI Instruments S.p.A., Milan, Italy), equipped with SSL injector and FID detection. Hydrocarbons were extracted following the 3550C EPA (Environmental Protection Agency) procedure as previously reported \[[@pone.0221574.ref022]\]. The amount of biodegradation was expressed as the percentage of hydrocarbon degraded compared to abiotic control.

Screening of biosurfactant production and emulsification activity {#sec006}
-----------------------------------------------------------------

Biosurfactant production was screened by hemolytic activity and the Blue agar plate method \[[@pone.0221574.ref023], [@pone.0221574.ref024]\].The hemolytic activity assay was carried out by streaking strain BU33N on blood agar plates containing (5%, v/v) sheep blood and incubated for 48 h at 30±1°C. The plates were visually inspected for clearance zones around the colonies, as an indication of biosurfactant production. The CTAB (Cetyl trimethylammonium bromide).agar plate method \[[@pone.0221574.ref023]\] was used for detection of extracellular surfactant. BU33N was inoculated on solid ONR7a medium with cetyltrimethyl ammonium bromide (0,5 mg /ml) and methylene blue (0,2 mg /ml), supplemented with pyruvate as carbon source, productive colonies were indicated by the presence of dark blue halos \[[@pone.0221574.ref023]\].

BU33N cultures was prepared in Tryptic Soy Broth (TSB) for 48 h at 28±1°C until OD~600~ approx. 0.5). Cultures were centrifuged (10 min 14.000 g). Emulsification activity (E24) was determined by the addition of 3 ml of culture supernatant to 3 ml of crude oil. The mixture was vortexed at high speed for 3 min. After 24 h, emulsification activity was estimated as the height of the emulsion layer divided by the total height, expressed as a percentage \[[@pone.0221574.ref025]\].

Morphological, phenotypic and molecular characterization of strain BU33N {#sec007}
------------------------------------------------------------------------

Scanning electron microscopy was used to visualize the cellular morphology of BU33N strain. Cultures of BU33N were centrifuged (10 min 14.000 g) and bacterial biomass was fixed in 2.5% gluteraldehyde in 0.075 M K-phosphate buffer (pH 7.4) for 2 h at room temperature. The preparation of the Scanning Electron Microscope (SEM) was performed according to Stanton et al. \[[@pone.0221574.ref026]\], and samples visualized using a JCM-5700 Scanning Electron Microscope, resolution 0.6nm, specimen size 5 mm ∅ × 0.6 mm high, with a Gatan Digital Micrograph imaging system and SE & BS detectors.

Growth of BU33N strain at different pH values (5--11) using hydrochloric acid HCL (1M) and sodium hydroxide NaOH (1M) for pH adjustment, temperatures (25, 30, 40, 45, 50°C) and salinity values (0, 5, 10, 15, 25, 30% w/v NaCl) was determined in liquid TSB media. Culture OD values were measured after 3 days of incubation at 30°C.

For DNA extraction, strain BU33N was grown aerobically on TSB; pH 7.6±0.1 at 28±1°C).

Strain BU33N genome sequencing {#sec008}
------------------------------

DNA isolation was carried out on mid-log phase cells by sodium dodecyl sulfate (SDS)-proteinase K treatment with an additional equal volume of CI (chlorophorm/isoamyl alcohol 24:1 v/ v) \[[@pone.0221574.ref027]\]. Purified genomic DNA was sequenced on an Illumina MiSeq platform (MRDNA, USA). The 9,357,646 paired reads were filtered according to read quality, and reads below a mean quality score of 23 were removed using prinseq-lite software. The reads were assembled using SPAdes \[[@pone.0221574.ref028]\]. The 16S rRNA gene was identified in the assembled genome using RNAmmer \[[@pone.0221574.ref029]\] and identified using EzBioCloud \[[@pone.0221574.ref030]\]. Similarly, RNAmmer \[[@pone.0221574.ref029]\] was used to predict the 16s rRNA genes of recently published genomic relative of BU33N, *A*. *aquatilis* strain QD168 (GenBank: CP032153.1). The genome predicted 16 rRNA genes and those of all type strains of the genus *Alcaligenes* were aligned and trimmed using MAFFT \[[@pone.0221574.ref031]\] and trimAl \[[@pone.0221574.ref032]\], respectively. A maximum likelihood (ML) tree was constructed based on TN+F+G4 model and the tree topology was evaluated by performing bootstrap analysis of 1000 data sets using IQ-TREE \[[@pone.0221574.ref032]\]. Furthermore, the genomic relatedness between BU33N and QD168 was assessed using GGDC 2.1 \[[@pone.0221574.ref033]\] and OrthoANI \[[@pone.0221574.ref034]\]. The genome of strain BU33N was annotated using RAST pipeline \[[@pone.0221574.ref035]\].

Comparative genome analysis {#sec009}
---------------------------

CGView Server \[[@pone.0221574.ref036]\] was used for circular representation of multiple genomes. The draft genome of strain BU33N was used as the reference genome and was compared with genomes of *Alcaligenes faecalis* subsp. *phenolicus* (DSM16503), *Alcaligenes faecalis* ZD02 (CP013119.1) and *Alcaligenes aquatilis* QD168 (CCUG 69566). For the purpose of analyzing aromatic compound degradation pathways in BU33N, selected gene clusters linked to biodegradation of benzoate were compared with those from four hydrocarbon degrading bacteria. Selection of the genomic regions was based on annotations obtained using RAST subsystems. The genomic regions were extracted and structurally annotated with Prokka \[[@pone.0221574.ref037]\] by uploading the sequences to the Galaxy web platform, using the public server at [usegalaxy.org](http://usegalaxy.org) \[[@pone.0221574.ref038]\]. Easyfig \[[@pone.0221574.ref039]\] was used to compare and visualize the gene clusters.

Nucleotide sequence accession numbers {#sec010}
-------------------------------------

The *Alcaligenes aquatilis* BU33N genome sequence is deposited in the Bioproject Genomes online database with id PRJNA386470. The complete genome sequence was deposited in Genbank under accession number CP022390. The version described in this paper is version CP022390.

Results and discussion {#sec011}
======================

Characterization of strain BU33N {#sec012}
--------------------------------

Isolation of BU33N was achieved using enrichment cultures using ONR7a medium supplemented with sterile crude oil (1% v/v) as the sole carbon and energy source \[[@pone.0221574.ref025]\]. The BU33N isolated was selected due to its rapid growth in liquid media with crude oil as sole carbon and energy source. BU33N cells were short rods, and colonies grown on TSA plates after 48h of incubation at 28°C were circular, yellow-pigmented and low-convex in form (**[Fig 1](#pone.0221574.g001){ref-type="fig"}, [Table 1](#pone.0221574.t001){ref-type="table"}**). The strain grew in a temperature range between 20 and 40°C (optimal growth at 28°C) and at pH range from 5.5 to 10.0 (optimal growth at pH 7.5). BU33N showed production of putative biosurfactants (hemolytic assay and CTAB method). The latter method is considered to specifically indicate the production of glycolipid biosurfactants \[[@pone.0221574.ref023]\]. BU33N showed a clear emulsification activity (\>25%) **([Fig 1](#pone.0221574.g001){ref-type="fig"}).**

![Characterization of *Alcaligenes aquatilis* BU33N.\
**A**) Colonies of BU33N on TSA medium **B**) Biosurfactant production (hemolytic activity); **C**) Biosurfactant production \[Blue agar (CTAB) method\]; **D**) emulsification activity (E24 test), **E)** Scanning electron micrographs of strain BU33N grown on TSA medium (at 28±1°C for 48h).](pone.0221574.g001){#pone.0221574.g001}

10.1371/journal.pone.0221574.t001

###### Classification and general features of *Alcaligenes aquatilis BU33N*.

![](pone.0221574.t001){#pone.0221574.t001g}

  Property              Term                                                                                    Type strain
  --------------------- --------------------------------------------------------------------------------------- -----------------------------------------
  Classification        Domain--*Bacteria*                                                                      LMG 22996^T^ \[[@pone.0221574.ref012]\]
                        Phylum--*Proteobacteria*                                                                
                        Class--*Betaproteobacteria*                                                             
                        Order--*Burkholderiales*                                                                
                        Family--*Alcaligenaceae*                                                                
                        Genus--*Alcaligenes*                                                                    
                        Species--*Aquatilis*                                                                    
                        Strain BU33N                                                                            
  Gram stain            Gram negative                                                                           LMG 22996^T^
  Cell shape            Short rods                                                                              
  Motility              Motile                                                                                  LMG 22996^T^
  Temperature range     20--40°C                                                                                
  Optimum temperature   28°C                                                                                    
  pH range              5,5--7,5                                                                                
  pH, optimum           7                                                                                       
  Carbon source         glucose, sucrose, sodium acetate, Tween-80 crude oil, phenanthrene, pyrene, carbazole   
  Energy source         Heterotrophic                                                                           
  Habitat               Hydrocarbon contaminated sites                                                          
  Salinity              0--30%                                                                                  
  Oxygen requirement    Strictly aerobic                                                                        LMG 22996^T^
  Geographic location   Tunisia (37°16\'8\"N, +9°53\'19\"E).                                                    
  Date collection       September 2013                                                                          
  Depth                 10 cm                                                                                   

Partial 16S rRNA gene sequencing of strain BU33N showed high level of identity of 99.91% with *Alcaligenes aquatilis* LMG 22996^T^ (AJ937889.1). Subsequently, full length 16S rRNA gene was predicted from the assembled genome using RNAmmer. The 16S rRNA gene sequence showed highest similarity (99.91%) to that of *Alcaligenes aquatilis* LMG 22996^T^. However, the BU33N 16S rRNA gene shares 100% identity with one of the three copies of the gene predicted on the complete genome of QD168. The other two genes were 99.74 and 99.87 identical to the BU33N 16S rRNA gene **([S1 Table](#pone.0221574.s001){ref-type="supplementary-material"}).**

A phylogenetic tree showing the relationship of *Alcaligenes aquatilis* BU33N to other *Alcaligenes* species is presented in **[Fig 2](#pone.0221574.g002){ref-type="fig"}**. Further characterization of the genomic relatedness between BU33N and QD168 revealed that they share *in silico* DDH and OrthoANI similarities of 74.90 and 97.07%, respectively. The ANI reported here is slightly higher than the value (96.8%) reported by Durán et al. \[[@pone.0221574.ref019]\]. Although OrthoANI estimates have been reported to yield values that are 0.1 % higher than those obtained from ANI, the algorithm implemented in the former has been shown to provide a more robust means of estimating average nucleotide identity for taxonomic delineation \[[@pone.0221574.ref034]\]. Overall, these metrics revealed that the two strains belong to the same species and pending the availability of the genome of *Alcaligenes aquatilis* LMG 22996^T^, BU33N and QD168 could be considered to be affiliated to *Alcaligenes aquatilis* on the basis of single gene markers.

![Phylogenetic analysis of 16S rRNA gene sequence of bacterial isolate *Alcaligenes aquatilis* strain BU33N.\
The maximum likelihood (ML) tree was generated based on the alignment of the 16s RNA genes of BU33N, QD168 and the type species of the genus *Alcaligenes*. The ML was constructed based on the TN+F+G4 model using IQ-TREE with confidence values based on 1000 bootstrap replicates. *Burkholderia cepacia* was used to position the root of the tree.](pone.0221574.g002){#pone.0221574.g002}

The ability of BU33N to grow on solid media in presence of different hydrocarbons as the sole energy and carbon source was used as an indicator of hydrocarbon degradation. BU33N grew successfully on a range of hydrocarbons including crude oil, phenanthrene, naphthalene, fluoranthene, pristane, pyrene, carbazole, octadecane and xylene, and but not on dibenzothiophen, dibenzofuran, squalene and anthracene. Recently, *A*. *aquatilis* QD168 was shown to be capable of utilizing several hydrocarbons such as benzoate, toluene, biphenyl and benzene as carbon sources \[[@pone.0221574.ref020]\]. The ability of *Alcaligenes faecalis* to utilize polyaromatic hydrocarbons \[pyrene, chrysene and benzo(*a*)pyrene\] as sole carbon sources and to degrade phenanthrene has been previously reported \[[@pone.0221574.ref040], [@pone.0221574.ref041]\].

Based on these results BU33N was cultured in mineral medium supplemented with crude oil and phenanthrene as sole carbon sources. After 21 days of incubation, GF-FID analysis of culture supernatants indicated \~86%, \~56% and \~70% degradation of TERHc, n -alkanes and phenanthrene, respectively (**[Fig 3A and 3B](#pone.0221574.g003){ref-type="fig"})**.

![Degradation rate of hydrocarbon by BU33N.\
**A)** Relative percentage (%) of abundance (presence) of n-alkanes (C12---C~36~) after 21 days of incubation by BU33N; **B)** Degradation rate (%, residual hydrocarbons) of crude oil (TERCHs and n-alkanes) and phenanthrene by *Alcaligenes aquatilis* BU33N after 21 days of incubation.](pone.0221574.g003){#pone.0221574.g003}

Insights into the genome of *Alcaligenes aquatilis* BU33N {#sec013}
---------------------------------------------------------

The *Alcaligenes aquatilis* BU33N genome was 3,838,299 bp in size, with a G+C content of 56.1 mol%, assembled as a single scaffold. Comparisons of the BU33N genome and three other members of the genus *Alcaligenes* showed similar genome sizes (≈4Mbp) (**[Fig 4](#pone.0221574.g004){ref-type="fig"}**). Genome annotation revealed that the BU33N genome encoded 3,506 protein-coding genes and 56 rRNA genes. Approximately 56% of the genes could be functionally assigned by the RAST subsystems.

![BLAST comparison of draft genome of *Alcaligenes aquatilis* against three *Alcaligenes* species, using GC View.\
The innermost rings depict GC content (Black) and GC Skew (purple/green) followed by concentric rings of query sequences colored according to BLAST identity. The outermost rings depict genomes of the following microbes *Alcaligenes aquatilis* QD168 (Pink), *Alcaligenes faecalis* (Green) and *Alcaligenes faecalis subsp*. *phenolicus (*Blue).](pone.0221574.g004){#pone.0221574.g004}

Annotation of the BU33N genome showed the presence of several genes potentially involved in stress- adaptation. We identified multiple genes related to the osmotic stress (23 genes), oxidative stress (63 genes) and to heat and cold stress (21 genes) **([S2 Table](#pone.0221574.s002){ref-type="supplementary-material"}**). Putative osmotic stress genes include ectoine biosynthesis and regulation genes, betaine biosynthesis genes and choline and betaine uptake genes. Oxidative stress genes were potentially involved in protection from Reactive Oxygen Species such as Superoxide dismutase, Manganese superoxide dismutase and Redox-sensitive transcriptional activator SoxR **([S2 Table](#pone.0221574.s002){ref-type="supplementary-material"}**). Genes encoding cold shock elements (CspA family proteins) and heat shock elements (dnaK gene cluster) were identified.

Based on the RAST annotation, 97 genes belonging to the category Metabolism of Aromatic Compounds were identified **([S3 Table](#pone.0221574.s003){ref-type="supplementary-material"}**). The BU33N genome encodes a complete pathway for the aerobic degradation of benzoate \[[@pone.0221574.ref042]\], via the oxidation of benzoate to cis-1,6-dihydroxy-2,4-cyclohexadiene-1-carboxylic acid (DHC) and DHC to catechol (**[Fig 5A](#pone.0221574.g005){ref-type="fig"}**). This reaction is catalyzed by an enzyme complex that are encoded on two different gene clusters in the BU33N genome **([S3 Table](#pone.0221574.s003){ref-type="supplementary-material"}**). Genes of protein (i), (ii) and (v) located in the first cluster (5,093 base pairs) along with three other genes, namely benzoate dioxygenase (ferredoxin reductase component) and two copies of benzoate MFS transporter (BenK).The second cluster (3,509 base pairs) contains four genes including those encoding proteins (iii) and (iv).

![The benzoate (A) and catechol (B) biodegradation pathway in BU33N: A (i) benzoate 1, 2-dioxygenase alpha subunit (EC 1.14.12.10), (ii) beta subunit (EC 1.14.12.10), (iii) Ortho-halobenzoate 1, 2-dioxygenase alpha-ISP protein OhbA, (iv) beta-ISP protein OhbB (v) by 1, 2-dihydroxycyclohexa-3, 5-diene-1-carboxylate dehydrogenase (EC 1.3.1.25).\
B (vi) catechol 1, 2-dioxygenase (EC 1.13.11.1), (vii) muconatecycloisomerase (EC 5.5.1.1), (viii) muconolactone isomerase (EC 5.3.3.4), (ix) beta-ketoadipate enol-lactone hydrolase (EC 3.1.1.24), (x) 3-oxoadipate CoA-transferase subunit A (EC 2.8.3.6), (xi) 3-oxoadipate CoA-transferase subunit B (EC 2.8.3.6) and (xii) beta-ketoadipyl CoA thiolase (EC 2.3.1.-).](pone.0221574.g005){#pone.0221574.g005}

Comparison of the gene clusters in BU33N with those of selected hydrocarbon degrading bacteria (*Alcaligenes aquatilis* QD168, *Alcaligenes faecalis* BDB4, *Acinetobacter oleivorans* DR1, *Marinobacter hydrocarbonoclasticus* ATCC 49840 and *Pseudomonas xanthomarina* LMG 23572) showed that the genomic organization of the regions in which these proteins are encoded varied between organisms. However, the organization of genes encoding proteins (i), (ii) and (v) show high levels of synteny and conservation among the compared strains (**[Fig 6](#pone.0221574.g006){ref-type="fig"}**). However, sequence homology among the protein sequences encoded by these genes ranged between 64.00 to 99.74%. Higher level of orthology was observed between BU33N and its closest relative, QD168, with amino acid identity values ranging between 97.99 and 99.74%. On the other hand, the organization of the genomic locations of genes encoding iii and iv were different in all five organisms included in the analysis. The co-localization of genes associated with a common function is a well-known phenomenon in bacteria where these genes are often co- regulated \[[@pone.0221574.ref043]\]. On the other hand, the conservation of genes linked to specific function among different organisms could be an indication of common evolutionary history \[[@pone.0221574.ref044]\]. Consequently, the conservation and co-localization of major genes of aerobic degradation of benzoate may reflect a common origin of the genomic locus associated with the function.

![Gene organization of the first benzoate degradation enzymes encoding gene cluster in *Alcaligenes aquatilis* BU33N compared to that of selected hydrocarbon degrading bacteria.\
The strain identities, BU33N, QD168, BDB4, DR1, ATCC 49840 and LMG 23572 represent the bacteria *Alcaligenes aquatilis* BU33N, *Alcaligenes aquatilis* QD168, *Alcaligenes faecalis* BDB4, *Acinetobacter oleivorans* DR1, *Marinobacter hydrocarbonoclasticus* ATCC 49840 and *Pseudomonas xanthomarina* LMG 23572, respectively.](pone.0221574.g006){#pone.0221574.g006}

The BU33N genome encodes two loci encoding enzymes for the degradation of catechol to acetyl-CoA or succinyl-CoA (**[Fig 5B](#pone.0221574.g005){ref-type="fig"}**). The first locus encodes six enzymes (enzymes vi--xii) which catalyze the conversion of catechol to 3-Oxoadipyl-CoA. The final step involving the conversion of 3-Oxoadipyl-CoA to acetyl-CoA and succinyl-CoA is catalyzed by beta-ketoadipyl CoA thiolase (EC 2.3.1.-), encoded by a gene located 167,710 base pairs upstream of the first cluster in the genome of BU33N. Comparison of the BU33N catechol degradation gene clusters and those of *Alcaligenes aquatilis* QD168, *Alcaligenes faecalis* BDB4, *Acinetobacter oleivorans* DR1, *Marinobacter hydrocarbonoclasticus* ATCC 49840 and *Pseudomonas xanthomarina* LMG 23572 showed that these clusters are syntenous and conserved in BU33N, QD168 and BDB4 with beta-ketoadipyl CoA thiolase (EC 2.3.1) gene located upstream of the gene cluster encoding the rest of the enzymes. However, the gene which encodes this enzyme is produced in the same locus as the rest of the catechol degrading enzymes in Dr1 and LMG 2357 (**[Fig 7](#pone.0221574.g007){ref-type="fig"}**). Previous studies reported that these pathways play an essential role in aromatic compound degradation and it was found in various oil degrading bacteria such as *Pseudomonas*, *Franconibacter* and *Marinobacter* \[[@pone.0221574.ref042], [@pone.0221574.ref045], [@pone.0221574.ref046]\]. Genomic analysis of *A*. *aquatilis* QD168 also revealed a repertoire of genes linked to the catabolic pathways for aromatic compounds \[[@pone.0221574.ref020]\].

![Gene organization of the first catechol degradation enzymes encoding gene cluster in *Alcaligenes aquatilis* BU33N compared to that of selected hydrocarbon degrading bacteria.\
The strain identities, BU33N, QD168, BDB4, DR1, ATCC 49840 and LMG 23572 represent the bacteria *Alcaligenes aquatilis* BU33N, *Alcaligenes*. *aquatilis* QD168, *Alcaligenes faecalis* BDB4, *Acinetobacter oleivorans* DR1, *Marinobacter hydrocarbonoclasticus* ATCC 49840 and *Pseudomonas xanthomarina* LMG 23572, respectively.](pone.0221574.g007){#pone.0221574.g007}

To further interrogate the genomic basis for the ability of BU33N to utilize complex aromatic hydrocarbons, the phenanthrene biodegradation pathway was identified and reconstructed (**[Fig 8](#pone.0221574.g008){ref-type="fig"}**). On the basis of the identified genes, BU33N could be predicted to catabolize phenanthrene via the ortho-cleavage pathway \[[@pone.0221574.ref047], [@pone.0221574.ref048]\] to yield 3-carboxy-cis cis-muconate and subsequently beta-ketoadipate \[[@pone.0221574.ref049]\] through the β-ketoadipate pathway (**[Fig 8](#pone.0221574.g008){ref-type="fig"}**). Unlike the benzoate degradation pathway described above, the enzymes involved in phenanthrene biodegradation are encoded in different genomic regions and only genes for (EC 1.14.12.10: benzoate 1,2-dioxygenase), (EC 1.3.1.25:1,2-dihydroxycyclohexa-3,5-diene-1-carboxylate dehydrogenase), (EC 1.2.1.10: Acetaldehyde dehydrogenase) and (EC 4.1.3.39: 4-hydroxy-2-oxovalerate aldolase) were positioned within the major aromatic compound degradation gene clusters.

![The A) phenanthrene degradation and B) β-ketoadipate pathways in *Alcaligenes aquatilis* BU33N.\
(I) Phenanthrene, (II) cis-3,4-Dihydroxy-3,4-dihydrophenanthrene, (III) 3,4-Dihydroxyphenanthrene, (IV) 2-Hydroxy-2H-benzo\[h\]chromene-2-carboxylate, (V) trans-4-(1\'-Hydroxynaphth-2\'-yl)-2-oxobut-3-enoate, (VI) 1-Hydroxy-2-naphthaldehyde, (VII) 1-Hydroxy-2-naphthoate, (VIII) trans-2\'-Carboxybenzalpyruvate, (IX) 2-Carboxybenzaldehyde, (X) Phthalate, (XI) Phthalate 3,4-cis-dihydrodiol, (XII) 3,4-Dihydroxyphthalate, (XIII) 3,4-Dihydroxybenzoate, (XIV) 3-Carboxy-cis,cis-muconate, (XV) 4-carboxymuconolactone, (XVI) ß-ketoadipate enol-lactone and (XVII) 3-Oxoadipic acid; Beta-ketoadipate. Predicted enzymes include, (Ea) Ring hydroxylating dioxygenase, alpha subunit (EC 1.14.12.13), (Eb) 3-phenylpropionate dioxygenase beta subunit (EC 1.14.1.-), (Ec) 1,2-dihydroxycyclohexa-3,5-diene-1-carboxylate dehydrogenase (EC 1.3.1.25), (Ed) Biphenyl-2,3-diol 1,2-dioxygenase (EC 1.13.11.39), (Ef) Maleylacetoacetate isomerase (EC 5.2.1.2), (Eg) Possible carboxymuconolactone decarboxylase family protein (EC 4.1.1.44), (Eh) 4-hydroxy-2-oxovalerate aldolase (EC 4.1.3.39), (Ei) 4-carboxymuconolactone decarboxylase (EC 4.1.1.44), (Ej) Acetaldehyde dehydrogenase (EC 1.2.1.10), (Ek) Acetaldehyde dehydrogenase, acetylating, (EC 1.2.1.10), (El) carboxymuconolactone decarboxylase, (Em) Aldehyde dehydrogenase (EC 1.2.1.3), (En) Benzoate 1,2-dioxygenase beta subunit (EC 1.14.12.10), (Eo) Benzoate 1,2-dioxygenase alpha subunit (EC 1.14.12.10), (Ep) Muconatecycloisomerase (EC 5.5.1.1), (Eq) Homogentisate 1,2-dioxygenase (EC 1.13.11.5), (Er) Ortho-halobenzoate 1,2-dioxygenase beta-ISP protein OhbA, (Es) Ortho-halobenzoate 1,2-dioxygenase alpha-ISP protein OhbB, (Ep) Muconatecycloisomerase (EC 5.5.1.1), (Et) carboxymuconolactone decarboxylase and (Eu) Beta-ketoadipate enol-lactone hydrolase (EC 3.1.1.24).](pone.0221574.g008){#pone.0221574.g008}

Interestingly, although hydrocarbon substrate screening of BU33N suggested the capacity to utilize n-alkanes, no known genes associated with alkane degradation (such as AlkB) were identified in the BU33N genome. This suggests that this organism uses a unidentified alkane degradation pathway.

Genome analysis confirmed the presence of multiple genes involved in the synthesis of biosurfactants, supporting the biosurfactant assay results. These include phosphomannomutase, dTDP-4-dehydrorhamnose 3,5-epimerase, Malonyl CoA-ACP transacylase and peptidoglycan glycosyltransferase (EC 2.4.1.129). These genes are present in well known biosurfactant-producing microorganisms such as *Pseudomonas putida* CSV86 \[[@pone.0221574.ref045]\].

Hydrocarbon contamination is also associated with heavy metals pollution. Bacteria harboring both heavy metals resistance genes and aromatic compound degradation traits would be highly interesting because often hydrocarbon pollution occurs concurrently with heavy metals contamination. The BU33N genome harbors heavy metals resistance genes which code for transcriptional regulator MerR family, cobalt-zinc-cadmium resistance protein CzcA and probable Co/Zn/Cd efflux system membrane fusion proteins. Similar set of genes were reported in the heavy metals- resistant bacterium *Pseudomonas putida* CSV86\[[@pone.0221574.ref045]\]. Additionally, arsenic resistance features are presents in BU33N genome and include genes encoding arsenate reductase (EC 1.20.4.1), arsenical-resistance protein ACR3 and arsenic resistance protein ArsH **([S4 Table](#pone.0221574.s004){ref-type="supplementary-material"})** \[[@pone.0221574.ref050]\].

Conclusion {#sec014}
==========

The isolation of strain *Alcaligenes aquatilis* BU33N and successive physiological and metabolic characterization combined with genomic analyses constitutes an interesting strategy to illustrate the bioremediation potential of this strain. The overall data will help the development of appropriate approach of autochthonous bioaugmentation in petroleum-polluted sites.
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